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Daidzein ameliorated concanavalin A-induced liver injury through 
the Akt/GSK-3β/Nrf2 pathway in mice
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Background: Daidzein is a soybean isoflavone that has been shown in previous studies to have anti-
inflammatory and antioxidant effects. However, it remains unknown whether daidzein plays a protective role 
against concanavalin A (Con A)-induced autoimmune hepatitis (AIH). 
Methods: In this study, an animal model of AIH was constructed by intravenous injection of Con A  
(15 mg/kg). Daidzein (200 mg/kg/d) was intraperitoneally administered to mice for 3 days before the Con 
A injection. Alpha mouse liver 12 (AML-12) cells were incubated in the absence or presence of daidzein to 
determine whether daidzein can alleviate Con A-induced hepatotoxicity.
Results: The findings showed that pretreatment with daidzein significantly reduced Con A-induced 
oxidative stress and hepatocyte apoptosis in Con A-induced liver injury. Pretreatment with daidzein 
significantly prevented the decrease of intrahepatic protein levels of phosphorylated Akt (p-Akt), 
phosphorylated GSK3β (p-GSK3β), nuclear factor erythroid 2-related factor 2 (Nrf2), heme oxygenase-1 
(HO-1), and NOQ1 (NAD(P)H quinone dehydrogenase 1) in response to Con A administration. Meanwhile, 
malondialdehyde (MDA) production was reduced, and glutathione peroxidase (GPX), superoxide dismutase 
(SOD) activity, and SOD2 mRNA expression were elevated in daidzein-pretreated livers. In in vitro 
experiments, daidzein pretreatment prevented Con A-induced murine hepatocyte death. This effect was 
partly diminished by an inhibitor of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. 
Conclusions: These results indicate that daidzein pretreatment attenuates Con A-induced liver injury 
through the Akt/GSK3β/Nrf2 pathway. Our findings provide new insights into the use of plant-derived 
products for AIH treatment beyond immunosuppression.
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Introduction

Autoimmune hepatitis (AIH) is a chronic inflammatory 
disease characterized by liver parenchymal injury and 
inflammatory cell infiltration and occurs in individuals of 
all ages and races, although more frequently in women than 
men (1). AIH can eventually result in liver cirrhosis and 
liver cancer, and about 50% of patients with severe AIH die 
within approximately 5 years if no treatment is provided (2). 
The etiology of AIH remains unclear. A variety of factors, 
including genetic and environmental factors, are associated 
with the morbidity of AIH (3). T cells are considered 
the primary pathogenic immune cells that mediate the 
occurrence of AIH (4). Although significant progress has 
been made in understanding AIH pathogenesis, the lack of 
effective treatments remains a serious issue (5).

Concanavalin A (Con A)-induced acute hepatitis in mice is 
a well-characterized model for studying AIH pathogenesis (6).  
There are two primary mechanisms by which Con A 
induces liver injury (7-11). Predominantly, it is believed 
that the aberrant activation of T cells leads to an abnormal 
immune response against hepatocytes and the secretion 
of inflammatory cytokines such as tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, IL-10, and interferon (IFN)-γ 
(7-9). In addition to its T cell-stimulating property, Con A 
can directly induce hepatic parenchymal cell death (10,11). 
A previous study revealed that the phosphatidylinositol 
3-kinase (PI3K)/Akt signaling pathway plays an important 
role in Con A-induced liver injury (12). PI3K/Akt pathway 
activation protects against Con A-induced hepatocyte death 
by increasing the protein expression of downstream nuclear 
factor erythroid 2-related factor 2 (Nrf2) and regulating 
endogenous antioxidant enzymes to resist various oxidative 
stresses (13). Therefore, regulating the PI3K/Akt signaling 
pathway can mitigate Con A-induced hepatocyte death by 
reducing oxidative stress levels.

Daidzein is an isoflavone belonging to a large family 
of compounds synthesized by plants and has been shown 
to have anti-inflammatory, antioxidant, and antitumor 
functions (14-18). Daidzein has been reported to be 
a specific inhibitor of Caveolin-1 (Cav-1) and thus 
involved in the regulation of downstream PI3K/Akt signal 
transduction (19,20). Moreover, daidzein and its derivatives 
have been found to ameliorate nonalcoholic fatty liver and 
D-galactosamine- and lipopolysaccharide (LPS)-induced 
liver failure in mice (21,22). All the evidence indicates that 
daidzein plays a hepatic protective role. However, little is 
known about its protective potential in Con A-induced liver 

injury. Herein, we hypothesized that daidzein regulates the 
PI3K/Akt/GSK3β signaling pathway in the liver, thereby 
regulating the expression of Nrf2, exerting antioxidative 
functions, and reducing Con A-induced liver injury. We 
present the following article following the ARRIVE 
reporting checklist (available at https://dx.doi.org/10.21037/
atm-21-378).

Methods

Reagents and antibodies

Daidzein was purchased from Chengdu Pufei De Biotech 
Co. Mouse 1× Lymphocyte Separation Medium was 
obtained from Dakewe Biotech Co., Ltd. Concanavalin 
A type IV (C2010) and Cell Counting Kit-8 (CCK-8) 
were purchased from Sigma-Aldrich. Carboxy-fluorescein 
diacetate succinimidyl ester (CFSE) was purchased from 
Invitrogen (Thermo Fisher Scientific), and the PI3K 
inhibitor LY294002 was purchased from MedChemExpress 
(MCE, USA). The following monoclonal antibodies (mAbs) 
used for cell surface marker staining were purchased from 
BioLegend: APC-conjugated anti-mouse CD3 (17A2), 
BV510-conjugated anti-mouse CD4 (GK1.5), FITC-
conjugated anti-mouse CD8 (53-6.7) and PE-Cy7-
conjugated anti-mouse CD69 (H1.2F3). Cytokines in serum 
or culture supernatants were measured using a cytometric 
bead array (CBA)-based mouse Th1/Th2/Th17 Cytokine 
Kit (BD Biosciences).

Animals and experimental design

Male C57BL/6J (B6) mice (8–10 weeks old, 20–24 g) 
were purchased from Beijing HFK Bioscience (China). 
All mice were housed under specific pathogen-free (SPF) 
conditions and allowed free water and food access. In this 
study, all procedures involving animals were performed 
and monitored in compliance with the guidelines of Tongji 
Animal Use Regulations and approved by the Institutional 
Animal Care and Use Committee (IACUC) of Tongji 
Medical College (number TJH-201902003).

Con A was dissolved in pyrogen-free phosphate-buffered 
saline (PBS) and intravenously injected at 15 mg/kg to 
induce liver injury. Daidzein (200 mg/kg dissolved in saline 
solution) was intraperitoneally administered to mice for  
3 days before the Con A injection. Mice were injected 
with Con A 1 h after the last daidzein injection. Mice were 
randomly divided into four groups (n=6 each group):
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(I) Control group: mice were treated with saline 
solution only;

(II) Daid group: mice were treated with daidzein only;
(III) Con A group: mice were injected with Con A at a 

dose of 15 mg/kg;
(IV) Con A + Daid group: mice were treated with 

daidzein (200 mg/kg) three days before Con A 
injection (15 mg/kg).

All mice were sacrificed at 12 h after Con A injection 
using anesthesia with 1% pentobarbital (10 mL/kg). Serum 
and liver tissues were harvested and stored at −80 ℃.

For the survival assay, mice (n=10 each group) were 
injected with a lethal dose of Con A (25 mg/kg), with 
or without daidzein (200 mg/kg/day) pretreatment, and 
mortality was evaluated within 72 h.

Cell viability assay

Alpha mouse liver 12 (AML-12) cells (5,000 cells/well) were 
plated in 96-well plates in RPMI-1640 media supplemented 
with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 
and 100 mg/mL streptomycin, and incubated at 37 ℃ in a 
humidified 5% CO2 incubator. The cells were pretreated 
with daidzein (20, 40, 80, 120 µm) for 6 h, treated with Con 
A (10 µg/mL), and then cultured for 12 h. To determine 
whether the activation of the PI3K/Akt signaling pathway 
in response to daidzein was responsible for Con A-induced 
hepatotoxicity, AML-12 cells were pretreated with or 
without the PI3K inhibitor LY294002 (20 µM) and then 
incubated in the absence or presence of daidzein. The 
viability of AML-12 cells was measured by using a CCK-8 
assay according to the manufacturer’s instructions.

Flow cytometry analysis of apoptosis 

Further observation of apoptosis was performed using 
an Annexin V-FITC/PI apoptosis detection kit (MULTI 
SCIENCES). After treatment with different reagents, 
AML-12 cells were collected and washed twice with cold 
PBS, stained with Annexin V-FITC and PI according to the 
manufacturer’s instructions. Both early- and late apoptotic 
cells were defined as apoptotic cells in this study. Data 
analysis was performed using FlowJo software (Tree Star).

Serum transaminase assessment

Blood samples were collected 12 h after Con A injection, 
and serum was isolated by centrifugation. Alanine 

aminotransferase (ALT) and aspartate aminotransferase 
(AST) levels were measured using a BS-200 automatic 
biochemical analyzer (Mindray, Shenzhen, China).

Measurement of superoxide dismutase (SOD), glutathione 
peroxidase (GPX), and malondialdehyde (MDA) in liver 
tissues

Liver tissues were homogenized and dissolved in extraction 
buffer, and the SOD, GPX, and MDA levels in liver tissues 
were measured by SOD detection kits, GPX detection kits, 
and MDA detection kits, according to the manufacturer’s 
instructions. All of the above kits were obtained from 
Nanjing Jiancheng Bioengineering Institute.

Immunofluorescence staining

Liver sections were stained with primary antibody (anti-
cleaved caspase-3) according to the manufacturer’s 
instructions (Servicebio, China). Apoptotic cells were 
evaluated using a terminal deoxynucleotidyl transferase 
(TdT) dUTP nick-end labeling (TUNEL) assay kit (Roche 
Applied Science), according to a standard protocol.

Detection of liver ROS activation

Dihydroethidium (DHE) fluorescence was used to test 
the ROS levels in the liver tissues. The fresh liver tissues 
were stored in ethanol and dry ice at −80 ℃. Sections with 
a thickness of 5 µm were obtained, the liver cryosections 
were then incubated with DHE (10 µmol/L) for 60 min in 
the dark and then washed with PBS. Upon oxidation, DHE 
exhibits red fluorescence. The images were captured using 
a fluorescence microscope at 200× magnification, and the 
fluorescence intensities were quantified on Image-pro plus 6.0.

Cytokine assay

The levels of IFN-γ, TNF-α, IL-2, IL-6, IL-10, and IL-
17 in serum 12 h after Con A challenge, or in culture 
supernatants 72 h after stimulation, were examined with a 
CBA Mouse Th1/Th2/Th17 Cytokine Kit according to the 
manufacturer’s protocols.

Hepatic mononuclear cell (MNC) isolation and flow 
cytometry

MNCs were isolated, as described by Watarai et al. (23). 

javascript:;


Li et al. Daidzein ameliorated Con A-induced liver injury in mice

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(15):1228 | https://dx.doi.org/10.21037/atm-21-378

Page 4 of 15

Each mouse liver was perfused with Hank’s balanced 
salt solution to eliminate blood until the liver became 
pale. Liver tissues were removed and ground through a  
70-µm cell strainer (BD, USA). Cell suspensions were then 
collected and purified by density gradient centrifugation 
in a 38% Percoll solution (GE Healthcare, USA). Purified 
splenocytes were prepared by homogenization with a 
syringe, followed by passage through a 0.1-mm sterile 
nylon mesh and erythrocyte depletion. The cells were 
then stained with antibodies against the indicated surface 
markers, including CD3, CD4, CD8, and CD69. Finally, 
the cells were examined by a FACSCelesta (BD Biosciences) 
and analyzed with FlowJo software (Tree Star).

Proliferation assay

Splenocytes from B6 mice were harvested according to Liu 
et al. (24). Purified splenocytes were resuspended in RPMI-
1640 medium and labeled with 2 µmol/L CFSE for 5 min in 
a 37 ℃ incubator in the dark. Splenocytes were then seeded 
at 2×105 cells/well in 96-well plates with 200 µL RPMI-1640 
medium containing 10% FBS plus daidzein (20, 40, 60, 80 
µm) in the presence of Con A (2 µg/mL). After 72 h, the 
CFSE-labeled splenocytes were analyzed by flow cytometry.

Western blotting

Proteins were extracted from the liver tissues and stored 
at −80 ℃. For western blotting analysis, 60 µg of total 
protein were loaded and separated with a 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride (PVDF) 
membranes. The membranes were blocked with 5% bovine 
serum albumin (BSA) for 1.5 h prior to being incubated 
overnight at 4 ℃ with antibodies against Bax (1:2,000, 
CST), Bcl-2 (1:1,000, Abcam), Nrf2 (1:500, Abcam), HO-1 
(1:1,000, Abcam), NQO1 (1:2,000, Abcam), (p-Akt (1:1,000, 
CST), Akt (1:3,000, CST), p-GSK3β (1:500, CST), 
GSK3β (1:2,000, CST), β-actin (1:10,000, Abcam), and/or 
Lamin B1 (1:1,000, Abcam). Finally, the membranes were 
incubated with an HRP-conjugated goat anti-rabbit/mouse 
polyclonal secondary antibody (1:10,000, ASPEN) for 2 h 
at room temperature. Protein bands were visualized with a 
GeneGnome XRQ system (Syngene, UK).

SYBR green real-time RT-PCR

Total RNA from the liver tissues was extracted using 

the PrimeScript  RT reagent  ki t  (Takara,  Japan) , 
according to the manufacturer’s instructions. Real-
time quantitative PCR was performed using a SYBR® 
Premix Ex Taq II (Tli RNaseH Plus) (Takara, Japan). 
The primer sequences used were as follows: SOD2 
(forward 5'-gTAgggCCTgTCCgATgATg-3' and reverse 
5'-CgCTACTgAgAAAggTgCCA-3'); β-actin (forward 
5'-GTGACGTTGACATCCGTAAAGA-3' and reverse 
5'-GCCGGACTCATCGTACTCC-3'). Samples were 
analyzed using StepOne Software v2.3 (Thermo Fisher 
Scientific). For quantitative analysis, all samples were 
analyzed using the ΔΔCT value method and normalized to 
β-actin.

Histopathology

Liver tissues were harvested 12 h after Con A injection, 
fixed in 4% paraformaldehyde, and embedded in paraffin. 
Sections with a thickness of 5 µm were cut for H&E 
staining. Histopathological changes were observed under a 
light microscope and recorded. The severity of liver injury 
12 h after Con A challenge was assessed in a blinded fashion 
according to Suzuki’s histological criteria (25). Detailed 
information regarding Suzuki’s histological criteria is shown 
in Table 1.

Statistical analysis

All data were analyzed using GraphPad Prism software and 
are presented as the mean ± standard deviation (SD). All 
data were analyzed by one-way ANOVA (when three or 
more groups were compared), or by unpaired or two-tailed 
paired t-tests. Values of P<0.05 were considered significant.

Results

Daidzein pretreatment reduced Con A-induced acute liver 
injury and increased the survival rate

To study the protective effect of daidzein against Con 
A-induced liver injury, we first administered a sublethal 
dose of Con A to mice via intravenous injection. Serum 
and liver tissue specimens were collected for analyses 
after 12 h. Con A administration resulted in a 37.17- and  
12.68-fold increase in ALT and AST, respectively (P<0.001). 
However, serum ALT (P<0.001) and AST (P<0.001) levels 
significantly decreased by 81.42% and 71.57%, respectively, 
in the daidzein pretreatment group (Figure 1A,B). 
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Table 1 Suzuki’s histological criteria

Grade Congestion (%) Vacuolization (%) Necrosis (%)

0 None None None

1 Minimal [10] Minimal [10] Minimal [10]

2 Mild [11–30] Mild [11–30] Mild [11–30]

3 Moderate [31–60] Moderate [31–60] Moderate [31–60]

4 Severe [>60] Severe [>60] Severe [>60]

Additionally, in the Con A group, the livers of mice were 
congested, swollen, and appeared dark red, with scattered 
blood spots on the surface. These morphological changes 
were significantly improved by daidzein pretreatment 
(Figure 1C). Subsequently, hematoxylin and eosin (H&E) 
staining was performed on liver tissue, and histopathological 
changes in samples were observed under a microscope. 
After Con A injection, there was extensive congestion 
and edema in the hepatic sinus, accompanied by large 
areas of necrotic foci and a large amount of lymphocyte 
infiltration. Daidzein pretreatment significantly improved 
the pathological changes, which was consistent with the 
Suzuki score (P<0.01, Figure 1D,1E). To further examine 
the protective effect of daidzein against Con A-induced liver 
injury, we determined the survival rate. After administering 
a lethal dose of Con A (25 mg/kg), 60% of the mice died 
within 20 h. However, the survival rate of mice pretreated 
with daidzein was significantly better, with a 100% survival 
rate at 72 h (Figure 1F). Overall, these results indicate that 
daidzein pretreatment protected against Con A-induced 
liver injury.

Daidzein pretreatment reduced Con A-induced lymphocyte 
activation, the release of inflammatory cytokines, and 
hepatocyte apoptosis

Con A-induced liver injury is closely related to the 
activation of lymphocytes and the release of inflammatory 
cytokines. To investigate whether daidzein pretreatment 
can reduce Con A-induced inflammation, we analyzed the 
activation of intracellular lymphocytes in mouse liver and 
levels of various types of inflammatory cytokines, including 
TNF-α, IL-2, IL-6, IL-10, IL-17, and IFN-γ, in mouse 
serum. As shown in Figure S1, Con A injection promoted 
high CD69 expression on the surface of CD4+ and CD8+ T 
cells, and a reduction in T cell activation was observed after 
daidzein pretreatment. Additionally, many inflammatory 

cytokines were present in the serum of the Con A-treated 
group, and the release of inflammatory cytokines was 
significantly reduced after daidzein pretreatment (P<0.01 or 
P<0.001, Figure 2A-2F). These results indicate that daidzein 
effectively inhibited the release of inflammatory cytokines 
induced by Con A, thereby playing a protective role in the 
liver.

Con A can induce hepatocyte apoptosis through 
multiple pathways, thereby causing liver injury. Liver tissue 
was subjected to TUNEL and cleaved caspase-3 staining 
to observe hepatocyte apoptosis. As shown in Figure 3, the 
areas of cleaved caspase-3-positive and TUNEL-positive 
cells in the Con A group increased 37.57- and 46.75-
fold, respectively, compared to those of the control group 
(P<0.001), while in the daidzein pretreatment group, 
cleaved caspase-3-positive and TUNEL-positive cells 
were reduced 74.14% and 64.49%, respectively. (P<0.001, 
Figure 3A-3D). The balance between the proapoptotic 
protein Bax and the antiapoptotic protein Bcl-2 determines 
whether cells survive or apoptosis occurs. Western blotting 
was used to analyze the Bax and Bcl-2 protein levels in 
liver tissue. Con A administration resulted in a 3.29-fold 
increase in Bax and a 79.07% decrease in Bcl-2 (P<0.001). 
Daidzein pretreatment attenuated 48.21% of Bax and 
improved up to 28.15% of Con A-mediated depletion 
of Bcl-2 (P<0.05 or P<0.01, Figure 3E-3G). In addition, 
daidzein enhanced 33.44% of Con A-induced reduction in 
Bcl-2/Bax (P<0.05, Figure 3H). The above results indicate 
that daidzein pretreatment reduced Con A-induced 
hepatocyte apoptosis.

Daidzein pretreatment alleviated oxidative stress after Con 
A challenge

Increasing evidence indicates that oxidative stress plays a 
crucial role in Con A-induced damage. ROS aggregation 
is the main cause of oxidative stress (26). The status of 

https://cdn.amegroups.cn/static/public/ATM-21-378-supplementary.pdf
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Figure 1 Daidzein alleviated Con A-induced liver injury. Mice were pretreated with daidzein (200 mg/kg, i.p.) for 3 days before the Con A 
injection. (A-E) Mice (n=6 per group) with or without daidzein pretreatment were injected with a sublethal dose of Con A (15 mg/kg, i.v.). 
(A,B) Serum ALT and AST levels in each group 12 h after Con A injection. (C) Morphological changes in the liver in each group. (D) Liver 
sections were stained with H&E. The arrow indicates hepatic ecchymosis, the triangle indicates infiltrated leukocytes, and the star indicates 
an area of necrosis (original magnification 200×). (E) The degree of liver injury was evaluated with Suzuki’s injury score. (F) Mice (n=10 per 
group) were given a lethal dose of Con A (25 mg/kg) with or without daidzein pretreatment, and the survival rate was recorded after 72 h. 
These results were obtained from at least three independent experiments. Values are presented as the mean ± SD. ***P<0.001 vs. the control 
group; ##P<0.01 and ###P<0.001 vs. the Con A group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; SD, standard deviation; 
NS, no significance; Ctrl, control; Daid, daidzein.
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Figure 2 Effect of daidzein on inflammatory cytokine production in Con A-challenged mice. Serum samples were collected 12 h after Con 
A injection. Serum levels of IL-2 (A), IFN-γ (B), TNF-α (C), IL-6 (D), IL-17 (E), and IL-10 (F) were quantified with CBA kits. Similar 
results were obtained from at least three independent experiments. Data are presented as the mean ± SD (n=6 per group). **P<0.01 and 
***P<0.001 vs. the control group. ##P<0.01 and ###P<0.001 vs. the Con A group. CBA, cytometric bead array.
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oxidative stress induced by Con A was evaluated by testing 
the level of ROS accumulation and antioxidant factors 
(SOD, SOD2, and GPX). The DHE fluorescence probe 
results indicated that the ROS fluorescence intensity in 
the Con A group was 3.86-fold higher than that in the 
control group (P<0.001), whereas it was significantly 
reduced by 37.20% after daidzein pretreatment (P<0.01, 
Figure 4A,4B). In addition, the activity of GPX (P<0.05), 
SOD (P<0.01), and SOD2 mRNA (P<0.001) expression in 
liver tissues induced by Con A were significantly reduced 
(31.01%, 37.35%, and 75.97%, respectively). Treatment 
with daidzein significantly improved Con A-induced 
reduction in SOD, GPX, and SOD2 (21.44%, 28.28%, and 
48.78%, respectively) (P<0.05 or P<0.01, Figure 4C-4E). 
We also measured the oxidative factor (MDA) in the liver. 
Con A-induced 2.15-fold increase in MDA (P<0.001) and 

daidzein pretreatment reduced 28.40% of MDA (P<0.01, 
Figure 4F) in Con A-induced liver injury. The above results 
verified the suppression role of daidzein in Con A-induced 
oxidative stress in the liver.

Daidzein pretreatment ameliorated Con A-induced liver 
injury through Akt/GSK3β/Nrf2 signaling pathways

To investigate the possible antioxidant mechanisms of 
daidzein in Con A-challenged mice, we next examined the 
activation of Nrf2 in liver tissues. As shown in Figure 5,  
compared with the control group, Nrf2 expression was 
reduced by 71.08% in Con A-challenged mice (P<0.001). 
However, daidzein pretreatment improved up to 23.29% 
of Con A-induced decrease in Nrf2 nuclear translocation 
(P<0.05, Figure 5A,5B). As the downstream of the Nrf2 
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Figure 3 Effect of daidzein on hepatocyte apoptosis in Con A-induced hepatitis. Mice were intraperitoneally injected with daidzein  
(200 mg/kg) for 3 days before Con A (15 mg/kg, i.v.) administration, and liver samples were collected 12 h after Con A challenge. (A,B) 
Liver tissue sections were stained for cleaved caspase-3 by immunofluorescence, and the positive area (percentage) was determined (original 
magnification 200×). (C,D) TUNEL staining was performed, and the percentage of positive cells was calculated (original magnification 
400×). (E-H) The expression of Bax and Bcl-2 was determined by western blotting and densitometric analysis of the Bax/β-actin, Bcl-2/
β-actin, and Bcl-2/Bax ratios are shown. The results represent the means from at least 3 independent experiments. Data are shown as the 
mean ± SD (n=4 per group). ***P<0.001 vs. the control group; #P<0.05, ##P<0.01, and ###P<0.001 vs. the Con A group. TUNEL, terminal 
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling.
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Figure 4 Effect of daidzein on Con A-induced oxidative stress in the liver. Mice were intraperitoneally pretreated with daidzein  
(200 mg/kg) for 3 days before Con A (15 mg/kg, i.v.) injection. (A) Immunofluorescence of DHE expression (original magnification 200×). (B) 
Relative fluorescence intensity in the liver. (C-F) levels of SOD, GPX activity, SOD2 mRNA and MDA activity in the liver. Similar results 
were obtained from at least three independent experiments. Values are shown as the mean ± SD (n=4 per group). *P<0.05, **P<0.01, and 
***P<0.001 vs. the control group. #P<0.05 and ##P<0.01 vs. the Con A group. DHE, dihydroethidium.

Ctrl Con A Con A + Daid

Ctrl

Ctrl Ctrl Ctrl Ctrl

Con
 A

Con
 A

Con
 A

Con
 A

Con
 A

Con
 A

 +
 D

aid

Con
 A

 +
 D

aid

Con
 A

 +
 D

aid

Con
 A

 +
 D

aid

Con
 A

 +
 D

aid

R
el

at
iv

e 
flu

or
es

ce
nc

e 
in

te
ns

ity

S
O

D
 (U

/m
g)

G
P

X
 (U

/m
g)

M
D

A
 (n

m
ol

/m
g)

R
el

at
iv

e 
S

O
D

2 
m

R
N

A

***

** *

***

***

##

#

#

##

##

5 

4 

3 

2

1 

0

1500 

1000 

500 

0

2500 

2000 

1500 

1000 

500 

0

1.5 

1.0 

0.5 

0.0

5 

4

3 

2 

1

0

×
20

0

BA

C D E F

signaling pathway, HO-1 and NQO1 were also analyzed 
by western blot. The expression of HO-1 (P<0.001) and 
NQO1 (P<0.001) induced by Con A were significantly 
reduced (64.29% and 84.92%, respectively), while HO-1 
and NQO1 expression significantly increased after daidzein 
pretreatment (28.03% and 27.84%, respectively) (P<0.01, 
Figure 5A,C,D). These data indicate that daidzein might 
have protected against Con A-induced oxidative stress via 
the Nrf2 signaling pathway.

It has been reported that Cav-1 inhibition regulates the 
PI3K/Akt/GSK3β signaling pathway and that PI3K/Akt/
GSK3β pathway activation protects against Con A-induced 
liver injury (12). As the upstream of Nrf2, GSK3β positively 
regulates the degradation of Nrf2, and the PI3K/Akt axis 
negatively regulates GSK3β via phosphorylation at Serine 9 
(Ser 9) (27). Therefore, we theorized that daidzein regulated 
the expression of Nrf2 and HO-1 through the PI3K/Akt/

GSK3β signaling pathway. We detected the protein levels 
of p-Akt and p-GSK3β by western blotting. Compared with 
the control group, the protein expression of p-Akt (P<0.001) 
and p-GSK3β (P<0.001) in the Con A group significantly 
decreased (75.58% and 74.50%, respectively), while the 
expression of p-Akt (P<0.01) and p-GSK3β (P<0.01) after 
daidzein pretreatment significantly increased (28.68% and 
28.19%, respectively) (Figure 5E-5G). In summary, daidzein 
prevented Con A-induced decrease in Nrf2 via the PI3K/
Akt/GSK3β pathway, thereby enhancing the antioxidative 
capability of liver tissues and protecting against Con 
A-induced liver injury.

In vitro, daidzein pretreatment attenuated Con A-induced 
hepatocyte death in mice

To further determine the protective mechanism of daidzein 
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Figure 5 Effect of daidzein on Akt/GSK3β/Nrf2 signaling in Con A-challenged mice. Mice were sacrificed, and liver tissues were harvested 
12 h after Con A injection. (A-D) Western blot analysis showing nuclear Nrf2, HO-1, and NQO1 expression in the liver and (E-G) western 
blot analysis showing p-Akt and p-GSK3β expression in the liver. All the results were obtained from at least three independent experiments. 
Data are expressed as the mean ± SD (n=4 per group). ***P<0.001 vs. the control group. #P<0.05 and ##P<0.01 vs. the Con A group.
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against Con A-induced liver injury, we conducted in vitro 
experiments to validate the effect of daidzein on Con 
A-induced hepatocyte death and lymphocyte activation 
in mice. We first treated AML-12 cells with different 
concentrations of daidzein for 6 h, followed by treatment 
with Con A at a concentration of 10 µg/mL for 12 h. The 
viability and apoptosis of AML-12 cells after 12 h of Con 
A treatment were determined using a CCK-8 assay and 
Annexin V-FITC/PI apoptosis detection kit. The results 
showed that compared with the control group cells, Con 
A-treated cells exhibited a significant reduction in cell 
viability (41.68%, P<0.001). However, after pretreatment 
with different concentrations of daidzein, cell viability 
significantly improved 12.24%, 25.24%, 29.68%, and 
20.14%, respectively, P<0.05, P<0.01 or P<0.001). 
Moreover, the protective effect of daidzein against Con 
A-induced AML-12 cell cytotoxicity was partly diminished 
by a PI3K/Akt signaling pathway inhibitor (LY294002) 
(P<0.05, Figure 6A,6B). We further verified the protective 
effect of daidzein against Con A-induced AML-12 cell death 
by flow cytometry, and the results were consistent with the 
CCK-8 assay (Figure 6C,6D). These results indicate that the 
protective effect of daidzein against Con A-induced AML-
12 cell death occurred via the PI3K/Akt/GSK3β signaling 
pathway.

Next, we observed the effect of daidzein pretreatment 
on Con A-induced spleen lymphocyte proliferation and 
cytokine secretion in mice. Con A stimulation significantly 
induced mouse lymphocyte proliferation, accompanied by 
the secretion of a large number of cytokines, while only a 
slight decrease in cytokine secretion was observed in the 
daidzein pretreatment group with the highest concentration 
of daidzein (Figure S2). The above in vitro results 
demonstrate that daidzein played a protective role in the 
liver mainly through the protection of hepatocytes rather 
than the inhibition of lymphocyte activation.

Discussion 

AIH is a chronic inflammatory disease with high levels of 
morbidity and mortality. The pooled worldwide annual 
incidence and prevalence of AIH were 1.37 and 17.44 per 
100,000 persons, respectively (2). Currently, there are no 
effective treatments for AIH; therefore, it poses a serious 
threat to human life and health, causing a large global 
burden. In our study, we found that daidzein significantly 
reduced Con A-induced liver injury. After Con A injection, 
serum ALT, AST, and inflammatory cytokines significantly 

increased, while daidzein pretreatment significantly reduced 
serum levels of ALT, AST, and inflammatory cytokines, 
while oxidative stress and hepatocyte apoptosis in the liver 
were also alleviated. We demonstrated for the first time 
that daidzein pretreatment had protective effects against 
Con A-induced murine AIH, which might provide new 
therapeutic strategies for AIH treatment in the future.

Con A is a potent stimulator that can trigger an in vitro 
immune response (28). In addition, Con A causes direct 
toxicity to hepatocytes due to the excessive activation of 
membrane receptors and subsequent cytoskeleton disorders, 
which are related to its strong affinity for the hepatocyte cell 
membrane (11). In in vitro studies, we found that daidzein 
pretreatment had very little effect on Con A-induced 
lymphocyte proliferation and the release of inflammatory 
cytokines in mice. In addition, the treatment of hepatocytes 
with Con A caused an inflammatory microenvironment. At 
the same time, daidzein pretreatment significantly inhibited 
the direct induction of hepatocyte death by Con A. These 
results indicate that the effect of daidzein on T cells was 
relatively small and that the protective effect of daidzein in 
the liver was mainly achieved through the protection of the 
liver parenchymal cells. Our in vitro experiments provide 
clear evidence for the direct protective effect of daidzein in 
Con A-induced liver injury.

In recent years, it has been generally believed that 
the activation of the Nrf2 signaling pathway protects 
against oxidative stress-induced injury in cells (29,30). 
As a transcription factor, Nrf2 regulates the basic and 
inducible transcription of genes that encode molecules 
that protect against various oxidative stresses and produce 
GPX to regulate the cellular antioxidant system (31,32). In 
response to a series of oxidative and electrophilic stimuli, 
Nrf2 is activated. It mediates the production of a series of 
cytoprotective proteins, including some stage II enzymes 
such as SOD, NAD(P)H: quinone oxidoreductase 1  
(NQO-1), and catalase (CAT), as well as antioxidative 
proteins such as HO-1. Nrf2 protects against oxidative 
stress through these antioxidant response elements (33). 
This study found that daidzein reversed Con A-induced 
reduction in Nrf2, HO-1, and NOQ1 expression, thereby 
reducing ROS accumulation, increasing SOD and GPX 
activity, and SOD2 mRNA levels in the liver. These results 
indicate that daidzein resisted the oxidative stress response 
induced by Con A stimulation through the Nrf2 pathway, 
thereby exerting protective effects against liver injury.

The mechanism of Con A-induced acute hepatitis 
involves many signaling pathways. Recent studies have 

https://cdn.amegroups.cn/static/public/ATM-21-378-supplementary.pdf
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Figure 6 Daidzein protected AML-12 hepatocytes from Con A-induced apoptosis, and Akt phosphorylation was involved in the daidzein-
mediated protective effects. AML-12 cells were seeded in 96-well plates, the cells were pretreated with daidzein (20, 40, 80, 120 µm) for 6 h 
and treated with Con A (10 µg/mL) for 12 h. The group without daidzein pretreatment or Con A stimulation served as the control group. 
(A) The effect of daidzein and LY294002 on AML-12 cell viability under normal conditions. (B) AML-12 cells were pretreated with daidzein 
with or without LY294002 (20 µm) and then treated with Con A for 12 h. A CCK-8 assay assessed cell viability. (C,D) The Annexin V and 
PI dual-labeling technique was used to analyze the effect of daidzein (80 µm) on Con A-induced AML-12 cell apoptosis. These results were 
obtained from at least three independent experiments. All values are expressed as the mean ± SD (n=6 per group). ***P<0.001 vs. the control 
group. #P<0.05, ##P<0.01 and ###P<0.001 vs. the Con A group.
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shown that p-Akt activation significantly reduces Con 
A-induced liver injury (34-36). The PI3K/Akt signaling 
pathway is an important pathway that regulates cell 
survival, proliferation, and apoptosis (37). As the upstream 
of Nrf2, GSK3β positively regulates the degradation of 
Nrf2, and the PI3K/Akt axis negatively regulates GSK3β 
via phosphorylation at Serine 9 (Ser 9) (27). Therefore, we 
assumed that daidzein resisted the oxidative stress response 
and hepatocyte apoptosis via the PI3K/Akt signaling 
pathway. Our study showed that after the Con A injection, 
the protein expression of p-Akt and p-GSK3β decreased 
in the liver. As a specific inhibitor of Cav-1, daidzein can 
regulate the PI3K/Akt signaling pathway and increase Bcl-2  
expression while reducing Bax expression by preventing 
Con A-induced decrease in p-Akt and p-GSK3β. Ultimately, 
cleaved caspase-3 is reduced, thereby reducing hepatocyte 
apoptosis. To confirm that daidzein directly protects 
hepatocytes through the PI3K/Akt signaling pathway, a 

specific PI3K inhibitor (LY294002) was used to inhibit 
PI3K/Akt signaling pathway activation. PI3K inhibitors 
partly diminished the protective effect of daidzein in liver 
cells. These results clearly demonstrate that the protective 
effect of daidzein against Con A-induced liver injury was 
achieved by regulating the PI3K/Akt signaling pathway.

In summary, our study investigated the protective effect 
of daidzein pretreatment in a Con A-induced hepatitis 
model. Daidzein reduced the oxidative stress response 
and hepatocyte apoptosis through the PI3K/Akt/GSK3β 
signaling pathway (Figure 7). This study provides a new 
direction for the clinical treatment of AIH.
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Figure S1 Effect of daidzein on T cell activation in Con A-induced hepatitis. Liver tissues were harvested 12 h after Con A injection, 
and liver MNCs were collected. The cells were stained with antibodies against CD3, CD4, CD8 and CD69 and then analyzed by flow 
cytometry. (A,B) The proportions of CD4+ and CD8+ T cells in the CD3+ subset in the liver. (C,D) The mean fluorescence intensity 
(MFI) of CD4+CD69+ and CD8+CD69+ on every subset of the NC, Con A-treated, and Con A + Daid-treated groups. All the results were 
obtained from at least three independent experiments. Data are shown as the mean ± SD (n=6 per group). ***P<0.001 vs. the Control group. 
#P<0.05 and ##P<0.01 vs. the Con A group. SD, standard deviation.
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Figure S2 Effect of daidzein on the proliferation and inflammatory cytokine secretion of Con A-stimulated splenocytes. Splenocytes from 
B6 mice were stimulated with 2 µg/mL Con A in the presence or absence of different concentrations of daidzein. After 72 h of culture, 
splenocyte proliferation was determined by a CFSE dilution assay. Cytokine concentrations in culture supernatants were quantified by CBA 
kits. (A) The proliferation of splenocytes was assessed by a CFSE dilution assay. (B-G) The levels of IL-2 (B), IFN-γ (C), TNF-α (D), IL-6 
(E), IL-17 (F), and IL-10 (G) in culture supernatants. All the results were obtained from at least three independent experiments. Values are 
shown as the mean ± SD (n=6 per group). *P<0.05, **P<0.01, and ***P<0.001 vs. Con A+/0 µM group. CFSE, carboxy-fluorescein diacetate 
succinimidyl ester; CBA, cytometric bead array; SD, standard deviation.
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